Objective To investigate an additive effect of core muscle strengthening (CMS) and trunk neuromuscular electrical stimulation (tNEMS) on trunk balance in stroke patients Methods Thirty patients with acute or subacute stroke who were unable to maintain static sitting balance for >5 minutes were enrolled and randomly assigned to 3 groups, i.e., patients in the CMS (n=10) group received additional CMS program; the tNMES group (n=10) received additional tNMES over the posterior back muscles; and the combination (CMS and tNMES) group (n=10) received both treatments. Each additional treatment was performed 3 times per week for 20 minutes per day over 3 weeks. Korean version of Berg Balance Scale (K-BBS), total score of postural assessment scale for stroke patients (PASS), Trunk Impairment Scale (TIS), and Korean version of Modified Barthel Index (K-MBI) were evaluated before and after 3 weeks of therapeutic intervention. Results All 3 groups showed improvements in K-BBS, PASS, TIS, and K-MBI after therapeutic interventions, with some differences. The combination group showed more improvements in K-BBS and the dynamic sitting balance of TIS, as compared to the CMS group; and more improvement in K-BBS, as compared to the tNMES group. Conclusion The results indicated an additive effect of CMS and tNMES on the recovery of trunk balance in patients with acute or subacute stroke who have poor sitting balance. Simultaneous application of CMS and tNMES should be considered when designing a rehabilitation program to improve trunk balance in stroke patients.
INTRODUCTION
Stroke is a serious and disabling health problem that is common worldwide [1] . Following a stroke, patients frequently suffer severe disability and limitations in activities of daily living (ADL). Postural instability is one of the major morbidities following a stroke, which is associated with an increased risk of falling.
Postural control is the ability of the body to maintain an upright stance, which is stabilized by muscle in the hip and lower back, and is essential for performing both ADL and instrumental ADL (IADL) [2] . Trunk imbalance in hemiparetic stroke patients results from proprioceptive sense impairment or paralysis of the limb and trunk [3] . Trunk muscles are innervated by the bilateral cerebral hemisphere [4] , therefore the function of the trunk muscles in hemiplegic patients is relatively conserved, as compared to the weaker limbs [5] . Thus, unilateral stroke could potentially result in functional deterioration of the trunk muscles on both the contralateral and ipsilateral sides of the body, although it affects patients to a lesser extent on the lesional side [6] . There are several reports of post-stroke trunk postural control defects in standing [7] and sitting [8] .
Assessments of trunk control at an early stage after stroke have predictive value for comprehensive ADL function in patients who survive for 6 months and therefore is recommended [9] . Despite evidence demonstrating the importance of trunk performance after stroke, trunk muscle strengthening is often neglected and weak limbs is the focus of most reported studies [10, 11] .
Research has shown that core muscle strengthening (CMS) is a beneficial therapeutic technique for the improvement of trunk balance in patients with acute, subacute or chronic hemiparetic stroke [5, 12] . Furthermore, another study on trunk neuromuscular electrical stimulation (tNMES) concluded that it was effective in improving trunk control in patients with acute and subacute hemiparetic stroke [13] .
In the present study, we aimed to investigate the additive effects of CMS and tNMES on trunk balance in stroke patients.
MATERIALS AND METHODS

Study design and participants
This cohort study was prospectively carried out at Asan Medical Center.
Patients who were admitted or transferred to the Department of Rehabilitation Medicine at Asan Medical Center because of acute or subacute stroke that included both infarction and hemorrhage, were included in the trial. Patients with a first stroke of hemiparesis within 1 month of onset, and who could not maintain static sitting balance for more than 5 minutes were enrolled. Exclusion criteria were as follows: 1) subjects who could not communicate with therapists as a consequence of severe aphasia or cognitive impairment, 2) subjects who were paralyzed on both sides, 3) subjects who were suffering from other neurological diseases, 4) subjects with neglect, 5) subjects with vestibular organ diseases, 6) subjects with severe internal diseases or back pain, and 7) subjects with implanted pacemakers or defibrillators.
Patients or a proxy provided written informed consent. Ethical approval was obtained from Asan Medical Center.
Randomization
Between June 2013 and November 2013, 34 patients were enrolled at Asan Medical Center. On the day of recruitment, patients were randomly assigned to 1 of 3 groups using a random table: the CMS group (n=12), the tNMES group (n=11), or the combination (CMS and tNMES) group (n=11). Four patients dropped out of the study for the following reasons: 2 were lost to follow-up because of early discharge before the study completion, and 2 could not participate in the rehabilitation program because of a poor medical condition (Fig. 1) . A total of 30 patients completed the study and were included in the analysis. None of the patients had to stop the study due to tiredness or pain.
All therapists were randomly assigned to a patient ; and all participating patients were aware of the treatment allocation in the study design. However, the 2 fixed therapists involved in patient evaluation but not treatment, and 3 investigators who conducted the study, were blinded to the treatment allocation.
Interventions
Patients in 3 groups participated in a standard rehabili-
www.e-arm.org tation program consisting of physiotherapy and occupational therapy, including a range of movement exercises, tone facilitation, strengthening, balancing, ADL training, and ordinary postural control exercises, such as standing, shifting of weight loads between the nonparalytic and paralytic sides of the foot, and gait. Cognitive therapy and speech therapy were provided if needed. However, patients assigned to the CMS group received an additional CMS program, patients in the tNMES group received additional tNMES over the posterior back muscles, and patients in the combination group received CMS program with tNMES on their back. Each additional treatment was performed thrice weekly for 20 minutes per day over a period of 3 weeks. The total rehabilitation time was similar for all patients.
For the tNMES group, we used 4 channel electrodes, and attached them to the thoracic erector spinae (5 cm lateral to the T6 spinous process), and lumbar erector spinae (2 cm lateral to the L5 spinous process) as shown in Fig. 2 . Electrical stimulation (Novastim CU-FS1; CU Medical Systems Inc., Wonju, Korea) was applied at 30-70 mA intensity, 250 ms pulse width, and 35 Hz frequency for 10 seconds followed by a pause for 12 seconds. The intensity of stimulation was set to the maximum amount at which patients could feel muscle contraction without pain sensation or tiredness. Patients were told to maintain a sitting position as independently as possible.
The CMS program focused on trunk muscle strengthening, selective movements of the trunk muscle, and coordination, and was carried out in supine, prone, and lateral positions (Fig. 3) . In a supine position, patients were told to bend their legs, rest their feet on the treatment table, keep their back in a neutral position and tighten their abdominal muscles. The exercises included lifting their pelvis with both feet supported (the bridge exercise), tilting both knees slowly to the left and right sides as far as possible (segmental rotation), and raising both legs and arms off the floor and towards the ceiling before lowering one arm and the opposite leg simultaneously and then repeating for the other side (the dead bug exercise). Prone position exercises included maintaining a push-up position with the body weight borne on the forearms, elbow, and toes (plank exercise), pushing hips up while keeping the back straight from a plank position and tightening the abdominal muscles (belly blaster), and kneeling on the floor with hands placed approximately shoulder width apart before lifting one hand and the opposite knee (bird dog exercise). In a lateral position, exercises consisted of lying on one side, balancing on a forearm and foot to form a diagonal line while maintaining shoulders, hips, and knees in alignment and Flowchart of the study. CMS group, core muscle strengthening group; tNMES group, trunk neuromuscular electrical stimulation group; Combination group, core muscle strengthening and trunk neuromuscular electrical stimulation group.
Fig. 2.
Surface electodes were placed at 4 sites. Two were on the thoracic erector spinae, and the other 2 were on the lumbar erector spinae.
www.e-arm.org tightening the abdominal muscles (side plank exercise), and lifting and lowering the opposite leg (side bridge exercise). Exercises were introduced gradually and the progression and number of repetitions were based on the level of performances for each patient. Therefore, some patients only repeated low level exercises, while some progressed to more difficult exercises. Trunk exercises were initiated with moderate assistance and progressed to a state requiring no assistance. Patients who did not have sufficient muscle strength to control themselves www.e-arm.org were assisted by their therapists during exercises. Lastly, the patients in the combination group were told to receive the CMS program with tNMES while on their back.
Patient assessments
Patients were evaluated before, and after 3 weeks of a therapeutic intervention by both physical and occupational therapists. The primary outcome was assessed using the Korean version of Berg Balance Scale (K-BBS; scored as 0-56) [14] , for trunk balance, and the secondary outcomes were scored using the following criteria: total score of Postural Assessment Scale for Stroke patients (PASS; scored as 0-36) [15] and Trunk Impairment Scale (TIS; scored as 0-23) [16] for trunk balance, and the Korean version of Modified Barthel Index (K-MBI; scored as 0-100) for ADL.
Gender, age, side of weakness, stroke etiology, time post stroke, and Korean version of the Mini-Mental Status Examination (K-MMSE) were investigated in each patient.
Statistical analysis
Data were analyzed using SPSS for Windows ver. 20.0 (IBM SPSS, Armonk, NY, USA) and the threshold for statistical significance was set to p<0.05. For baseline characteristics, we used the chi-square test or Fisher exact test for categorical variables, and the Kruskal-Wallis test for continuous variables. Mean, standard deviation, median, and interquartile range of data were obtained. The Wilcoxon signed-rank test was used for comparisons among the 3 groups before and after treatment. The KruskalWallis test was used to measure improvements after rehabilitation, and the Mann-Whitney U test was used with a Bonferroni corrected, post hoc test at a threshold for statistical significance set of p<0.025. Spearman correlation analyses were used to examine the relationship between trunk balance and ADL.
RESULTS
Baseline characteristics
The CMS group included 8 males and 2 females, the tNMES group included 4 males and 6 females, and the combination group included 7 males and 3 females. Overall, there were more male than female subjects. The median ages were as follows: CMS group, 59.5 years; tNMES group, 65.5 years; and combination group, 58.5 years. The side of weakness was similar in all 3 groups. For the stroke etiology, 26 patients had a cerebral infarction and 4 patients had a cerebral hemorrhage. The number of enrolled patients with cerebral infarction was higher than those with cerebral hemorrhage in all 3 groups. The amount of post-stroke did not show any significant differences among the groups. Finally, patient baseline characteristics were well balanced among the 3 groups (Table 1) . Table 2 showed primary and secondary patient outcomes before and after treatment in each group. All 3 groups showed improvements in K-BBS, PASS, TIS, and K-MBI after therapeutic intervention, with some differences. Values are presented as number of patients or median (interquartile range). CMS group, core muscle strengthening group; tNMES group, trunk neuromuscular electrical stimulation group; Combination group, core muscle strengthening and trunk neuromuscular electrical stimulation group; K-MMSE, Korean version of the Mini-Mental Status Examination.
Effects before and after treatment
www.e-arm.org
Comparisons of post-treatment effects in the three groups
For comparison of improvements after therapeutic intervention, K-BBS and the dynamic sitting balance of TIS in the combination group were significantly higher than in the other 2 groups. The post-hoc test indicated that the combination group showed more improvements in K-BBS and the dynamic sitting balance of TIS, as compared to the CMS group; and more improvement in K-BBS, as compared to the tNMES group (Fig. 4) . Changes in PASS, static sitting balance and the total score of TIS tended to be higher in the combination group, as compared to the other groups, but without statistical significance.
Correlations between improvement of trunk balance and ADL
Improvements in K-MBI were not correlated with improvement of K-BBS, PASS, or the static sitting balance subscale of TIS (Fig. 5) . By contrast, it was positively correlated with improvement in the total score, the dynamic sitting balance subscale and the coordination subscale of TIS.
DISCUSSION
The results of the current randomized study indicated that trunk balance significantly improved in response to tNMES, as well as the CMS program in stroke patients, based on trunk balance scales. Furthermore, there were more significant improvements in trunk balance when the CMS program was applied in combination with tNMES therapy. The changes of K-MBI in the combination group were slightly higher than those in the other groups, but the difference was not statistically significant.
K-BBS, PASS, and TIS are well-known criteria that can be used to evaluate trunk balance [14] [15] [16] [17] . The current analyses indicated significant improvements in K-BBS and the dynamic sitting balance of TIS when CMS was applied in combination with tNMES, but not for the other categories of TIS, such as in static sitting balance or trunk coordination. TIS is composed of 3 items to assess static sitting balance (scored as 0-7) evaluating trunk performance in anterior-posterior plane, 10 items to assess dynamic sitting balance (scored as 0-10) evaluating lateral flexion of the trunk, and 4 items to assess trunk coordination (scored as 0-6) evaluating rotation of the trunk. In our opinion, only the dynamic sitting balance of TIS showed significant difference, because the mean score on the static sitting balance subscale for patients before treatment was nearly submaximal, i.e., >4 out of a maximum 7 points, whereas <4 out of a maximum 10 points in the dynamic sitting balance subscale and <2 out of a maximum 6 points in the coordination subscale of TIS. Therefore, the static sitting balance subscale might have shown a ceiling effect. Additionally, there is evidence of a hierarchy in the subscales of the TIS, as the dynamic sitting balance subscales seem to be more difficult than www.e-arm.org the static sitting balance subscales, and the coordination subscales seem to be more difficult than the dynamic sitting balance subscales [18] . It is likely that there was insufficient intervention time for a significant difference in the coordination subscale, and extra training might be needed for it. Our results are consistent with those of a previous study [19] , which showed that trunk exercises result in improvements only in the dynamic sitting balance subscale of the TIS. Van Nes et al. [20] reported a strong association of lateral balance control with BBS, indicating the need for lateral trunk control rehabilitation as a primary target. Another study suggested a clear relationship between trunk performance and measurements of balance, gait, and functional ability after a stroke [21] . Dickstein et al. [8] showed that impairment of postural adjustments that are required for stability in the sitting position and functional deficits showed a positive relationship in stroke patients. In the present report, improvement of K-MBI, which represents functional status showed an association with improvement of the total score, and the dynamic sitting balance and coordination subscales of the TIS. Therefore, improved trunk balance could result in better functional recovery after a stroke, especially when improving the lateral flexion and rotation of the upper and lower parts of the trunk. As the combination group showed greater improvement in trunk performances than the CMS or tNMES groups, greater improvement of K-MBI was also expected in the combination group. However, our data showed no significant improvements in K-MBI in the combination group, possibly due to the short follow-up period.
Balance is a complex process that requires interactions among the vestibular, visual, proprioceptive, musculoskeletal, and cognitive systems. Both the trunk and limb muscles are involved in the coordination and regulation of automatic postural responses [6] . The muscles around the abdominal, lumbar, and pelvic regions play important roles in providing stability while maintaining balance [22] . The 'core' has been described as a box with the abdominals in the front, the paraspinals and gluteals in the back, the diaphragm as the roof, and the pelvic floor and hip girdle musculature as the bottom [23] ; all of these muscles play an important role in maintaining stability [22] . Although each of the muscles related to core stability have individual roles, they function together via cooperative contractions to establish core stability. For example, the cooperative contractions of the transverses abdominis and multifidus muscles improve the stability of each component when the spine is in motion or even in a neutral position [24] . We provided verbal cues when the CMS program was performed to induce individual contractions in each muscle. This CMS program included simultaneous muscle strengthening and muscle control. Verheyden et al. [19] conducted core exercises for 30 minutes, 4 times per week over a period of 5 weeks, and detected an increase in the ability to maintain a sitting position. Additionally, Yu and Park [12] reported that core stability enhancing exercises are effective in improving muscle activities of the lower trunk, which are affected by www.e-arm.org stroke.
According to Tanaka et al. [25] , isometric trunk muscle strengths for flexion and extension in hemiplegic patients were 88% and 64%, as compared to the healthy controls, and isometric and isokinetic muscle strengths for extension were weaker than that of the flexion. Therefore, we applied tNMES to paraspinal muscles to strengthen trunk extension in our study. Paraspinal muscles are surface muscles that are located among the extensors iliocostalis and longissimus. These muscles assist the multifidus muscle, which maintains the spine in a neutral position during the various curvatures caused by movements of the abdominal muscles [12] . Several previous studies have shown that performing somatosensory stimulation using neuromuscular electrical stimulation (NMES) in stroke patients can increase cortical excitability, as measured by functional magnetic resonance imaging [26, 27] , and result in improvement of strength [26] . Repetitive movements caused by NMES induce long-term plasticity in motor maps that involve the development of new motor skills [28] . We used the same method of stimulating trunk muscles as the one used in the a previous study [13] .
There are several possible explanations for trunk muscle weakness in hemiplegic patients. As mentioned before, because the motor cortex of both hemispheres supply nerves to the trunk, an upper motor lesion can cause bilateral trunk weakness [6] . Alternatively, patients who experience a cerebrovascular accident can lack selective movement control resulting in changes of the order of muscle movement. Therefore, these patients move in an unusual pattern, which results in inefficient energy usage and a malfunctioning movement pattern [12] . Trunk muscle weakness caused by disuse represents another possible reason [6] . www.e-arm.org
There are some limitations to the generalization of the results of our study. First, there was no control group without intervention, so it is difficult to exclude effects of the natural recovery process of stroke. Second, all patients were aware of the treatment allocation scheme, and this could have introduced bias into the study. Third, we did not perform a long-term follow-up assessment; hence, future studies are required to evaluate long-term effects. Fourth, we did not use surface electromyography to assess trunk muscle activity as a measure of trunk strength, which could have improved our study. Fifth, only a small number of patients from a single geographical location were enrolled. Further studies including a larger patient cohort will be needed to fully verify our results.
The current results show that there is an additive effect of CMS and tNMES on the recovery of trunk balance, as compared to CMS or tNMES alone in patients with acute or subacute stroke who have poor sitting balance. In the current study, we aimed to emphasize the importance of treating the trunk, and introduce a combination therapy of CMS and tNMES together for improving trunk balance in stroke patients in a daily rehabilitation setting. Additional exercises performed on the trunk would allow patients to acquire better trunk balance, and this would lead to more functional improvements.
The prompt assessment and management of trunk control after a stroke are highly recommended, and the simultaneous application of CMS and tNMES should be considered when designing a rehabilitation program to improve trunk balance in stroke patients. Reestablishing trunk muscle function would improve the stability of stroke patients, and make it easier to re-educate limb muscles and gait patterns. To extend the findings of this study, chronic stroke patients should also be examined to rule out the effect of natural recovery from stroke.
